Eight right-handed adult humans underwent functional magnetic resonance imaging (fMRI) of their brain while a vibratory stimulus was applied to an individual digit tip (digit 1, 2, or 5) on the right hand. Multislice echoplanar imaging techniques were utilized during digit stimulation to investigate the organization of the human primary somatosensory (SI) cortex, cortical regions located on the upper bank of the Sylvian fissure (SII region), insula, and posterior parietal cortices. The t test and cluster size analyses were performed to produce cortical activation maps, which exhibited significant regions of interest (ROIs) in all four cortical regions investigated. The frequency of significant ROIs was much higher in SI and the SII region than in the insula and posterior parietal region. Multiple digit representations were observed in the primary somatosensory cortex, corresponding to the four anatomic subdivisions of this cortex (areas 3a, 3b, 1, and 2), suggesting that the organization of the human somatosensory cortex resembles that described in other primates. Overall, there was no simple medial to lateral somatotopic representation in individual subject activity maps. However, the spatial distance between digit 1 and digit 5 cortical representations was the greatest in both SI and the SII region within the group. Statistical analyses of multiple activity parameters showed significant differences between cortical regions and between digits, indicating that vibrotactile activations of the cortex are dependent on both the stimulated digit and cortical region investigated.
INTRODUCTION
The first cortical maps of the human body representation in the somatosensory cortex were published by Penfield and colleagues (Penfield and Boldrey, 1937; Penfield and Rasmussen, 1950) . These homunculi were produced using electrical stimulation of the cortical surface of the convexity of the postcentral gyrus in awake epilepsy patients. More recent intraoperative mapping techniques have utilized cortical evoked potentials and resulted in improved results (e.g., Woolsey et al., 1979; Allison et al., 1989a Allison et al., ,b, 1991 . These intraoperative procedures usually are performed under severe time constraints, using low impedance surface electrodes and, thus, these mappings have not yielded a detailed cortical map of human body representation. As a result, Penfield and Rasmussen's published homunculus from 1950 is still the one most often used clinically. The primary somatosensory cortex (SI) of nonhuman primates has been shown to be much more complex than Penfield's representations suggest (e.g., Merzenich et al., 1978; Kaas et al., 1979) . These studies reveal that each cytoarchitectonic subdivision of the primary somatosensory cortex (areas 3a, 3b, 1, and 2) has its own fairly complete representation of the body surface.
New noninvasive imaging techniques offer the ability to study the somatosensory cortex in the awake human in more detail. Increased cortical activity in humans in response to cutaneous somatosensory or median nerve stimuli has been reported using positron emission tomography (PET) (e.g., Roland, 1981; Fox et al., 1987; Meyer et al., 1991; Seitz and Roland, 1992; Burton et al., 1993 Burton et al., , 1997 Coghill et al., 1994) , single photon emission computed tomography (SPECT) (Apkarian et al., 1992) , magnetoencephalography (MEG) (Okada et al., 1984; Huttunen, 1986; Huttunen et al., 1987; Suk et al., 1991; Baumgartner et al., 1991; Forss et al., 1994; Gallen et al., 1993 Gallen et al., , 1994 Gallen et al., , 1995 , somatosensory evoked potentials (SEPs) (Allison et al., 1989a (Allison et al., ,b, 1991 Buchner et al., 1994 Buchner et al., , 1995 , and functional magnetic resonance imaging (fMRI) (Hammeke et al., 1994; Puce, 1995; Yetkin et al., 1995; Lin et al., 1996) . To date the spatial resolution of PET and SPECT has not been sufficient to resolve individual digits in the somatosensory cortex of humans. The determination of cortical somatotopy using PET has been made based upon the ability to differentiate between different body regions, i.e., hand vs foot (Fox et al., 1987) . Fox et al. (1987) showed distinct SI cortical regions activated with cuta-neous vibratory stimulation of the lip, hand, and foot in a mediolateral representation consistent with Penfield maps. In a subsequent reanalysis of this same data (Burton et al., 1993) , the authors show activations in the parietal operculum, assumed to be SII, and in the insula. MEG and SEP have both reported successful differentiation of the cortical representation of individual digits in the human primary somatosensory cortex (Suk et al., 1991; Baumgartner et al., 1991; Raichle, 1994; Buchner et al., 1995) .
The temporal and spatial resolution of functional magnetic resonance imaging (fMRI) is an improvement upon that of PET or SPECT (Ogawa et al., 1990; Belliveau et al., 1991; Stehling et al., 1991) , but the ability of fMRI to differentiate between nearby body representations has not been determined, e.g., between adjacent digits. The minimum spatial cortical separation identified between fMRI activations for individual digits delineates the functional spatial resolution of the current technology, for the given imaging parameters used. Previous PET studies (Roland, 1981; Fox et al., 1987; Meyer et al., 1991; Burton et al., 1993) investigating tactile stimulation revealed single foci of activity in SI, whereas a recent fMRI study (Lin et al.,1996) reported multiple foci, suggesting that the spatial resolution of fMRI may be adequate to differentiate between digits in SI. In the owl monkey the cortical surface devoted to an individual digit within areas 3b and 1 is on the order of 0.5 to 1 mm 2 (Merzenich et al., 1978; Jenkins et al., 1990) . Given the difference in brain size between macaques and humans, the expected cortical area dedicated to a single fingertip should be about 5 mm 2 , which should be within the resolving power of fMRI with its higher spatial resolution. In an attempt to test the functional spatial resolution of fMRI, we examined the ability of our imaging system utilizing a high spatial resolution (1.56 ϫ 1.56 mm pixel size) to study the representation of individual fingers within the human somatosensory cortices.
Different studies using fMRI have analyzed brain activations with a variety of statistical approaches, e.g., percentage change in signal intensity (Ogawa et al., 1992; Turner et al., 1993) , correlation to the stimulus (correlation coefficient) (Rao et al., 1995; Lin et al., 1996; Flament et al., 1996) , t values (Kim et al., 1994; Kami et al., 1995; Davis et al., 1995; Flament et al., 1996) , z values (Ramsey et al., 1996) , or more recently statistical parametric mapping (Sorenson and Wang, 1996) . Currently, there is no consensus as to the best measure of fMRI activity. Therefore, a secondary purpose of this study was to investigate three activity parameters, t value, size in voxels, and their product (t value ϫ size), in order to determine which can best differentiate between fMRI activity changes.
METHODS
Eight normal right-handed volunteers participated in this study. The general purpose and the procedures were explained to the subjects. All subjects were at least 18 years of age and signed a consent form. All procedures were approved by the Institutional Review Board. Each individual underwent a single scanning session which lasted approximately 1.5 h and consisted of a high-resolution anatomical scan in the sagittal plane, a high-resolution anatomical scan of the entire brain in the coronal plane (6-mm slices, eight of which corresponded to those imaged in the functional scans), a flow-weighted scan for identification of cortical vessels, and three functional imaging series using EPI pulse sequences. Separate functional series were performed for each digit. In each functional imaging series a vibratory stimulus was applied to an individual digit tip on the right hand, each lasting 7 min. During the first functional imaging series the thumb (D1) was stimulated, the index finger (D2) during the second functional series, and the fifth digit (D5) during the third. The control for each series was rest. There was a 14-min pause between each functional imaging series.
A new vibratory stimulator had to be designed for this study due to the inability to introduce metallic or electrical materials into the MRI suite. The stimulator was a plastic cylinder with an internal pneumatically driven wheel. The frequency and the amplitude of the stimulus were controlled by the applied air pressure and the mass of the eccentric lead weight attached to the wheel, respectively. Both the air pressure and weight were maintained constant throughout the study. The stimulator delivered vibrations of mixed frequencies where the dominant frequency is 50 Hz with higher harmonics. The amplitude of the vibration was up to 2 mm. The individual's hand was positioned so that only the tip of the stimulated digit was touching the vibrating surface. The manually controlled vibratory stimulus was on for 35 s and off for 35 s, for a total of six cycles.
Scanning Sequence Procedure
All fMRI experiments were performed on a 1.5 T General Electric (Signa) clinical imaging instrument equipped with an Instascan resonant gradient accessory from Advanced NMR Systems Inc. thus allowing the acquisition of both conventional and echoplanar images. In order to improve signal-to-noise ratio a single 5-in. circular surface coil was used.
During each imaging session the subject was positioned on the scanner bed and the surface coil was positioned over the parietal cortex, contralateral to the stimulated hand, and oriented parallel to the long axis of the magnet. The subject's head and surface coil were immobilized using a vacuum bean bag (Olympic Vac-Pac; Olympic Medical) shaped to the individual's head. Sagittal, high-resolution and flow-weighted images were obtained with conventional pulse sequences while the functional images were obtained using echo planar pulse sequences. The high-resolution, flow-weighted, and functional scans were all performed at the same slice locations. The scanning sequence proceeded as follows:
(1) T1-weighted multislice spin echo scout images (TR ϭ 300 ms; TE ϭ 12 ms; 2 NEX; 256 ϫ 256 matrix; FOV ϭ 20 ϫ 20 cm) were obtained in the sagittal plane and prescription of subsequent coronal images were performed using the most midline sagittal slice (Fig. 1) . The primary cortical areas of interest were the somatosensory regions, so the middle third of the brain contralateral to the stimulation site was imaged. Eight slice locations were selected for subsequent EPI functional scans (each 6.0 mm thick with a 0.5-mm gap between slices). In each study the first slice was located 6.5 mm posterior to the anterior commissure.
(2) High-resolution coronal multislice spin echo images (TR ϭ 500 ms; TE ϭ 12 ms; 2 NEX; 256 ϫ 256 matrix; FOV ϭ 20 ϫ 20 cm) of the entire brain were obtained with 6.0-mm slice thickness and a 0.5-mm gap between slices. This set included the eight functional slice locations, and was obtained for anatomical localization of the areas of functional activation.
(3) A flow-sensitive imaging sequence (SPGRASS; TR ϭ 33 ms; TE ϭ 6 ms; 4 NEX; Flip angle ϭ 60°; 256 ϫ 256 matrix; FOV ϭ 20 ϫ 20 cm) was performed at the eight functional slice locations for localization of the large in plane cortical vessels.
(4) Functional imaging scans were then performed using the following EPI GRE acquisition sequence: TR ϭ 3500 ms; TE ϭ 60 ms; flip angle ϭ 90°; NEX ϭ 1 (NEX ϭ 2 for one subject); repetitions per slice ϭ 10 (5 for the subject with 2 NEX); matrix ϭ 256 ϫ 128; FOV ϭ 40 ϫ 20 cm. This results in a voxel size of 1.56 ϫ 1.56 ϫ 6.00 mm. Ten images per slice location are acquired during each control and stimulus state and six cycles of control and stimulus are performed during a functional imaging series. Altogether 960 functional images were obtained at the eight slice locations in a single functional imaging series. This results in 120 images per slice location (60 control images and 60 stimulus images) for use in the statistical analysis.
Data Analysis
The functional images were analyzed on a SUN SPARC-10 workstation utilizing software developed by our group.
Prior to statistical analysis, in-plane head movement was corrected by reregistering all images at each slice location using a dot product maximization procedure. The first image at each slice location was chosen as the reference image for that slice location. Each subsequent image at that slice location was translated by one pixel in all directions (8) in the x and y, and eight dot products were calculated with the reference image. The maximum dot product was then chosen. This procedure was repeated until the untranslated configuration of the image produced the largest dot product. This algorithm can correct exactly within plane shifts when these shifts occur at multiples of single pixels but is less accurate for shifts that are smaller than a single pixel.
To assure that the images were properly classified as belonging to stimulus or control periods, images collected at the stimulus-control and control-stimulus transitions were discarded. As a result, of the total 960 images collected in a functional imaging series, 96 images were not used for further statistical analyses.
A region of cortex located underneath the 5-in. coil was selected manually on the first image at each slice location. The mean intensity of this defined region was calculated for all of the 120 images obtained at each given slice location. Images with deviations larger than two standard deviations from the mean were attributed to artifacts, e.g., insufficient correction for head movement, homogeneity effects, and thus discarded as outliers. On average 15 (range 0-41) images were discarded per functional imaging series.
Further image analysis was performed on a pixel-bypixel basis, and proceeded as follows:
1. Significant activity was based upon unpaired t tests performed on individual pixels. Multiple t tests were performed on each functional data series producing stimulus t maps (stimulus vs control) and noise t maps (control vs control, and stimulus vs stimulus) for each slice location. In the t map image each pixel is assigned a value determined by the t value for that pixel. A t value correlating with a P Ͻ 0.01 is defined as the threshold for significant change.
2. Given the large number of pixels in each image, there is a sufficient probability that many pixels would pass the selected criterion level (P Ͻ 0.01) by chance. However, this probability decreases sharply when the number of contiguous pixels in a cluster examined is increased. Since representation of function in the cortex is spatially continuous (nearby regions subserve similar functions), functional cortical activity is more likely represented by clusters of contiguous pixels. A noise analysis was performed in order to determine the appropriate cutoff for number of contiguous pixels in a cluster. Twenty separate noise t maps were generated. For the 10 control noise t maps, the control images were randomly regrouped into two categories and compared with each other. The same procedure was used on the stimulus images to produce 10 stimulus noise t maps. The t value criterion for stimulus-control t maps was applied to these noise t maps. The regions of activity that passed this criterion (ROIs) in the noise t maps were used to generate a frequency distribution of the number of contiguous (touching) pixels (Fig. 2 ) similar to that performed by Roland et al. (1993) . This distribution represents the size (number of contiguous pixels) dependence of noise at the defined criterion, for each functional imaging series. A second cutoff criterion for defining significant activity is determined by the noise cluster distribution. The cluster sizes defining the top 1% of the noise distribution were used as the cutoff value for cluster size.
3. Based on 1 and 2, significant activation was defined as clusters of contiguous pixels with significant t values (P Ͻ 0.01), and significantly large cluster sizes (99th percentile). The cluster cutoff value was usually 3 pixels, except in one functional imaging series where it was 5 pixels. The clusters that passed significance were then superimposed on high-resolution images. These images make up the cortical activity maps, and are used to identify the anatomical locations of the activation clusters (significant ROIs). Further hypothesisdriven analysis (defined in 5, 6, and 7 below) was performed upon significant ROIs located within the primary and secondary somatosensory cortices, the insula, and the posterior parietal cortex (areas 5/7 and 40).
4. Two investigators cooperatively identified functional cortical subdivisions based upon major sulci and gyri, in multiple planes, and compared each slice with the Tailaraich-Tournoux stereotactic atlas (Talairach and Tournoux, 1988) . Significant ROIs located in the areas of interest were further selected by agreement of three investigators. Those ROIs obviously located in white matter or outside the brain were excluded.
5. An activated area (ROI) has multiple descriptors. Here we examined t value, size, and their product, defined as activation index (AI), in relation to the digits stimulated and the brain regions activated. The mean t value, size, and activation index were determined for all significant ROIs located in the cortical regions of interest: SI, the SII region, insula, and posterior parietal cortex, in each functional series (D1, D2, and D5). A two-way repeated measures ANOVA (two-way RM ANOVA) across subjects was then performed on the mean values for size, t value, and activation index using cortical regions and digits as independent factors.
6. The center-of-mass coordinates (CM) for all significant ROIs were calculated by averaging the x and y coordinates of all of the pixels contained within each individual ROI. These CM coordinates were then represented on the high-resolution images for each subject and used for determining spatial separation between digit representations (see below). The CM coordinates for each subject were also approximated to stereotactic coordinates (Talairach and Tournoux, 1988) , based on the identified landmarks on the high-resolution images in each slice. 7. Within each individual, the spatial distance (in mm) between the CM coordinates for each significant ROI due to digit stimulation was calculated as follows: distance between individual digit 1 ROIs and digit 2 ROIs (d 1-2 ), distance between individual digit 1 ROI's and digit 5 ROI's (d 1-5 ), and distance between individual digit 2 ROI's and digit 5 ROI's (d 2-5 ). These distances were calculated within subgroupings in each cortical region based upon the individual subject's high-resolution activation maps.
Identification of Cortical Regions
The postcentral gyrus will be referred to as primary somatosensory cortex (SI). The upper bank of the sylvian fissure in the parietal cortex (i.e., posterior to the central sulcus) contains multiple body representations including the second somatosensory cortex (SII), parietal ventral area (PV), and retroinsular area and possibly others (Krubitzer and Kaas, 1990; Krubitzer and Calford, 1992; Krubitzer et al., 1995) . For the purposes of this study the upper bank of the sylvian fissure in the parietal cortex was defined as the SII region. The insular region was defined as the limen insula, the cortex medial to the circular sulcus of Reil, and the cortex lateral to the superior limiting sulcus. The cortex lateral to the superior limiting sulcus was included in the insular region based on recent anatomic studies in the monkey (Craig et al., 1995) . The posterior parietal region was defined as parietal cortex posterior to the postcentral sulcus, including areas 5, 7, and 40.
The primary somatosensory cortex of each subject was divided into subregions in a manner similar to that performed by Allison et al. (1989a) , which was based upon studies in humans and Old World monkeys (Powell and Mountcastle, 1959; Vogt, 1928) , and in reference to the Talairach-Tournoux atlas (1988) . Area 3a is defined as the region at the depths of the central sulcus, and 3b is located in the posterior wall of the central sulcus. Area 1 is located primarily in the anterior crown of the postcentral gyrus, and the posterior one-half of the crown of the postcentral gyrus and the anterior wall of the postcentral sulcus was defined as area 2.
It should be emphasized that the above parcellations of the cortex are approximations based upon anatomical landmarks. The borders of the SI subdivisions occasionally were guided by the activation patterns. All cortical identifications were performed by the agreement of two investigators. The anatomic terminology used follows standard nomenclature (for a useful guide, see Jackson and Duncan, 1996) .
FIG. 2.
Activation noise analysis in one subject for three consecutive scans where digit 1 (D1), digit 2 (D2), or digit 5 (D5) was stimulated. For each scan 10 control and 10 stimulus noise t maps were generated by randomly regrouping the corresponding images into two categories. The distribution of the number of clusters of a given pixel size passing the t value criterion (P Ͻ 0.01) is shown for these 20 noise t maps. The cluster size defining the top 1% of this distribution corresponds to 3 pixels for all three scans (arrow).
RESULTS

Comparison of Activation Maps Across Digits for Individual Subjects
A highly consistent pattern of activation was observed in individual subjects when digit activation maps were compared. Cortical activity maps in a typical subject in response to D1, D2, and D5 stimulation are shown in Figs. 3-5. In this subject the majority of activity was noted in SI (slices 3-8) and the SII region (slices 3-5).
SI
In general the same locations in SI were active during stimulation of all three digits, although the size of the activations and the exact positions varied. Most of the SI activity is located in slices 4 and 5. In slice 4, (i) a region on the posterior bank of the central sulcus, area 3b (indicated as a in Figs. 3-5), is active for both D1 and D2 but is absent for D5; (ii) a region on the convexity of the postcentral gyrus, area 1 (indicated as b in Figs. 3-5), is active for both D2 and D5, while an area slightly more medial to this is active for D1; and (iii) the same region in the posterior portion of the postcentral gyrus, area 2 (indicated as c in , is active for all 3 digits. In slice 5, the same 2 regions (medial region is area 1 (a) and more lateral is area 2 (b)) on the postcentral gyrus are active for all 3 digits, but the area 2 activity secondary to D2 stimulation is slightly more medial than the others.
SII Region
The activity was located in slices 3-5. In slice 3 the midportion of the upper bank of the Sylvian fissure is active with D2 and D5 stimulation, but the D5 activity is located slightly more lateral. In slices 4 and 5, the SII region activity was noted only with D5 stimulation. Activity located outside the cortex within the Sylvian fissure, in slice 4 with both D1 and D2 stimulation, were not counted.
Insula
Activity in the insula was noted at one slice location only (slice 2). The same insular region is active with both D2 and D5 stimulation (Figs. 4 and 5) .
Posterior Parietal
No posterior parietal activity was noted in this subject.
Activity was also noted in the primary motor cortex (precentral gyrus in slices 4 and 5), this is likely due to the fact that the subjects were required to hold their finger on the vibratory stimulator during the imaging sessions.
Unique characteristics were noted in the activation patterns of some subjects. Certain individuals had more pronounced activity in the SII region compared to SI, and some had more insular and posterior parietal activity than others. In two subjects the SII region activation was more than SI for all three digits, as measured by size, t values, and activation index. Two subjects had more pronounced insular activity. One of these subjects had consistent activation of multiple insular areas, while the other individual had the same area active in response to stimulation of two digits and another insular region active in response to stimulation of the third digit. Two subjects had no posterior parietal activity at all and one subject had minimal posterior parietal activity in response to stimulation of one digit.
Time Course of Activations
The time course of cortical activations is shown for two subjects in Fig. 6 . The left panels are for the subject whose t maps are presented in Figs. 3-5. The right panels are from a subject where all four cortical areas studied were activated. These time curves indicate that the cortical activity reaches peak activation within two to three time steps from the start of the stimulus, undergoes a slight adaptation, and then maintains the increased activity for the duration of the stimulus. In the control phase, the activity decreases at a relatively constant rate and reaches baseline only in the last few control images. The peak-to-peak percentage change in signal intensity ranges from 2 to 8%. However, the large percentage changes do not necessarily correspond to large t values. For example, in the left bottom panel, digit 5 stimulation (Fig. 6) , the largest percentage change was in the ROI in the SII region (about 5%), its corresponding t value was 6.9. The smallest percentage change in this panel was in SI (about 2%), its corresponding t value was 11.2.
The left top panel indicates activations in two ROIs located in SI in consecutive slices. The two curves peak with a 7-s difference in delay. If this difference is taken as reflecting the variability of the response peak, then the activation time courses of the different cortical areas do not differ from each other in their times to reach peak activations.
Incidence of Cortical Activations
The cortical activation maps to vibratory stimulation of D1, D2, and D5 exhibited significant ROIs in all four cortical regions investigated: SI, the SII region, insula, and posterior parietal cortices and is summarized in Table 1 . Significant activity due to stimulation of at least one digit was observed in all subjects in SI, the SII region, and the insula, but only in 6 of the 8 subjects in the posterior parietal area. Table 1 shows that D1, D2, and D5 were represented The slice 4 SI activation corresponds to the ROI designated as c in Fig. 3, s4 ; it is made up of 16 pixels and has a t value of 6.3. The slice 5 SI activation corresponds to the ROI designated as b in Fig. 3, s5 ; it is made up of 10 pixels and has a t value of 6.3. The percentage change for stimulating digit 2 (D2; middle panel) indicates activation time courses for ROIs in SI, insula (INS), and the SII region (SII). The SI ROI had a t value of 4.2; the insula had a t value of 6.0; and the SII had a t value of 5.3. Bottom panel shows activation time courses for the same cortical regions when digit 5 (D5) was stimulated. The t values in this case were 6.9 for SII, 5.0 for insula, and 11.2 for SI. The right column shows activation time courses in a second subject where all four cortical areas studied were activated. Top panel shows percentage activation when digit 1 (D1) was stimulated for ROIs in insula, the SII region, SI, and the posterior parietal cortex (PP). Lower panel shows activation when digit 5 was stimulated for an ROI in the SII region comprising of 39 pixels with a t value of 13.3. In this case the activation is presented in MR signal intensity across all six control and stimulus cycles (120 images). The percentage change activations are the mean changes when all six control and stimulus cycles are averaged, and the MR signal in the ninth control image is set to 100%. The range of the standard error of the mean percentage change was 0.2-0.8. Thick lines on the x axes indicate stimulus periods. more often in SI and the SII region than in insula or posterior parietal cortices. All three digits were represented in the primary somatosensory cortex in all 8 subjects (8/8) and in the SII region in 6 of 8 subjects. The insular cortex and posterior parietal area had all 3 digits represented in only 2/8 subjects. A one-way nonparametric (Kruskal-Wallis) ANOVA of the occurrence of significant activity in each cortical region over all 3 digits showed highly significant differences between cortical regions (H ϭ 17.0, P Ͻ 0.0007). Post-hoc pairwise multiple comparison (Student-NewmanKeuls method) showed statistically significant differences in incidence of activity between SI versus insula and posterior parietal, and the SII region versus insula and posterior parietal. Thus, the frequency of significant activity due to stimulation of the digits was much higher in SI and the SII region than in the insula and posterior parietal region.
Multiple Activation Foci within SI
The vibratory cortical activation maps revealed multiple foci of activation within the primary somatosensory cortex. In an effort to determine whether these multiple foci of activity were homologous to the SI subregions identified in nonhuman primates, each ROI was assigned to a single SI subregion (3a, 3b, 1, or 2). The vibratory cortical activation maps for all subjects exhibited ROIs in all SI subregions investigated (Table  2 ). There were no major differences in individual digit representation (D1, D2, or D5) frequency within the SI subregions. However, there were significant differences in incidence of activity across subregions (3a, 3b, 1, and 2). A one-way nonparametric (Kruskal-Wallis) ANOVA of the occurrence of significant activity in each subregion of SI over all three digits showed highly significant differences between subregions (H ϭ 40.1, P Ͻ 0.0001), with a post-hoc pairwise multiple comparison (StudentNewman-Keuls method) showing statistically significant differences in incidence of activity between area 1 versus areas 3a and 3b, and area 2 versus areas 3a and 3b. Thus, the frequency of significant activity due to stimulation of the digits was much larger in areas 1 and 2 than in areas 3a and 3b. Figure 7 is an example of the center-of-mass coordinates for D1, D2, and D5 for one subject. In this subject, D1 and D5 are represented in the insula (s1 and s4), all three digits are found in the SII region (s2-s5), multiple representations of all three digits are found in SI, and only digits 1 and 5 in the posterior parietal cortex.
Somatotopy
Overall there was no simple medial-to-lateral somatotopic representation in individual subject center-ofmass maps, as illustrated in Fig. 7 . However, multiple groupings of digit representations did appear to exist within SI and SII region.
The center-of-mass coordinates for each significant cluster in all subjects are represented upon the appropriate coronal talairach atlas section in Fig. 8 . Again, no clear medial-to-lateral somatotopic representation was observed. Activity in SI is concentrated in the region from 16 to 28 mm posterior to AC. All three digits have ROIs throughout this region. However, the highest incidence of D5 representation is in the most posterior slice (Ϫ28 mm from AC); the highest incidence for D1 is around Ϫ24 mm from AC; and the D2 representation seems to be more equally distributed throughout the region. This suggests that D5 is located more medially than D1 or D2 in SI. Activity in the SII region extends from 8 to 28 mm posterior to AC. In the SII region, the incidence of representation for all three digits increases more posteriorly. Activity in the insular region extends from 4 to 20 mm posterior to AC, but is concentrated in the region from 4 to 8 mm posterior from AC. All three digits seem equally represented in this region. Activity in the posterior parietal cortex spreads from 28 to 50 mm posterior to AC and is dominated by D1 and D5 activity.
Since no simple medial-to-lateral somatotopic representation was seen when examining the individual center-of-mass maps and the Talairach maps, the spatial distance between significant clusters (d 1-2 , d 1-5 , and d 2-5 ) within the subregions of SI and within the other cortical regions were compared to determine whether a more subtle somatotopic representation was present.
The spatial distance differences between the centerof-mass coordinates for the activated ROIs for individual digits in SI and the SII region are shown in Table  3 . The distance between D1 and D5 ROIs (d 1-5 ) was the greatest in both SI and the SII region. The spatial separations between ROIs for individual digits showed a significant difference in SI between d 1-5 and d 2-5 (t test, P Ͻ 0.02). No significant differences were found in the SII region.
Statistical Analysis Using T Value as Dependent Variable
The mean t value across subjects was largest for D5 and smallest for D2 (Fig. 9A) . When comparing between cortical regions the largest mean t value was seen in SI, while the posterior parietal area had the smallest t value (Fig. 9B) . A two-way repeated measures ANOVA (two-way RM ANOVA) of t values using stimulated digits and brain regions as independent factors showed a highly significant difference between cortical regions (F ϭ 6.9, P Ͻ 0.002), but no significant difference between digits (F ϭ 2.2, P Ͼ 0.15). Post-hoc analysis with the paired Bonferroni t test indicated significant differences (P Ͻ 0.05) in t values between SI and posterior parietal cortex and between the SII region and posterior parietal cortex.
Statistical Analysis Using Size as Dependent Variable
The mean size (in pixels) across subjects was largest for D5 and smallest for D2 (Fig. 9C) . When comparing between cortical regions the largest mean size was seen in SI and the SII region, while the insula had the smallest mean size (Fig. 9D) . A two-way RM ANOVA of size using stimulated digits and brain regions as independent factors showed near significant differences between both digits (F ϭ 3.2, P Ͻ 0.07) and cortical regions (F ϭ 2.6, P Ͻ 0.08).
We compared the total number of pixels activated in a functional series to the subject's brain size (in cm 2 , biparietal distance ϫ anterior-posterior distance). There was no discernible correlation between brain size and number of active pixels across subjects.
Statistical Analysis Using Activation Index as Dependent Variable
The mean activation index across subjects was largest for D5 and smallest for D2 (Fig. 9E) . When comparing between cortical regions the largest mean activation index was seen in the SII region, while the insula had the smallest mean activation index (Fig. 9F) . A two-way RM ANOVA of activation index with stimulated digits and brain regions as independent factors showed significant differences between digits (F ϭ 4.1, P Ͻ 0.04) but not cortical regions (F ϭ 1.4, P Ͼ 0.27). Post-hoc analysis using the paired Bonferroni t test revealed no statistically significant differences.
Time-Dependent Changes in Cortical Activations
The functional images in one subject were subdivided into two groupings based on their temporal relationship to the onset of the stimulus. Functional images from the first half of the six control and stimulus periods (0 to 18 s of each cycle) were grouped together, constituting the early phase, and the images from the second half (18-35 s of each cycle) were grouped, constituting the late phase. Figures 10 and 11 show the early phase (Fig. 10 ) and late phase (Fig. 11 ) activation maps for D2 stimulation. The locations of activity in these maps are similar to those described above for the total stimulus control durations. The active ROIs in both the early and late phases were in corresponding locations; however, both the size and t values of the active ROIs were larger in the late phase. A similar increase in cortical activity in the later phase was also seen for the other two digit representations.
DISCUSSION
A cutaneous low-threshold stimulus resulted in fMRI activity in SI, the SII region, mid-and posterior insula, and posterior parietal cortex (areas 5/7 and 40). Both SI and the SII region were more consistently active than the insula and the posterior parietal cortex. Within SI multiple foci of activation were found corresponding to its four cytoarchitectural subdivisions, 3a, 3b, 1, and 2; most activity was concentrated in areas 1 and 2. The topography of digit representation showed that D5 was located most medially on the postcentral gyrus, and the mean spatial separation was largest between D1 and D5. This finding is consistent with the medial-to-lateral cortical distribution noted in neuromagnetic and somatosensory evoked potential (SEPs) studies (Okada et al., 1984; Huttunen et al., 1987; Baumgartner et al., 1991; Buchner et al., 1995) . Of the three digits stimulated, D5 stimulation resulted in a higher number of activated pixels. Three activation parameters were tested for differentiating between brain regions and digit stimulation. The t value differentiated between cortical regions but not between digits, whereas activa- tion index distinguished between digits but not cortical regions, and size did not differentiate either parameter.
Activity in SI
Increased activity in response to cutaneous stimulation has been demonstrated in SI in many functional imaging studies such as: PET (Burton et al., 1997; Coghill et al., 1994; Seitz and Roland, 1992; Meyer et al., 1991; Fox et al., 1987; Drevets et al., 1995; Roland, 1981) , MEG (Okada et al., 1984; Huttunen, 1986; Huttunen et al., 1987; Suk et al., 1991; Baumgartner et al., 1991; Forss et al., 1994; Gallen et al., 1993 Gallen et al., , 1994 Gallen et al., , 1995 , SEP (Allison et al., 1989a (Allison et al., ,b, 1991 Buchner et al., 1994 Buchner et al., , 1995 , and fMRI (Hammeke et al., 1994; Puce, 1995; Yetkin et al., 1995; Lin et al., 1996) . The location of activity in SI relative to the AC in this study was similar to that described by the PET studies. In our   FIG. 9 . The distribution of three parameters used for statistical comparison of activity as a function of the two independent parameters, digits (A, C, and E) and cortical areas (B, D, and F). A and B show the mean and standard deviation (SD) of significant ROIs when t value is used as the dependent parameter, while C and D use the number of activated pixels, and E and F use the activation index as the dependent parameter.
FIG. 10.
Activation t maps in one subject due to a temporal analysis of cortical activity when digit 2 (D2) was stimulated. Activation t maps represent the early phase of cortical activity, i.e., activity due to the first half (0-18 s) of the control and stimulus periods. See Fig. 3 for details.
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FIG. 11. Activation t maps in the same subject as in Fig. 10 due to a temporal analysis of cortical activity when digit 2 (D2) was stimulated. Activation t maps represent the late phase of cortical activity, i.e., activity due to the last half (18-35 s) of the control and stimulus periods. See Fig. 3 for details.
277 study, SI digit region was mainly Ϫ16 to Ϫ28 mm from AC compared to Ϫ7 in Meyer et al. (1991) , Ϫ23 in Fox et al. (1987) , Ϫ25 in Drevets et al. (1995) , and Ϫ31 in Coghill et al. (1994) . Multiple foci of activity were consistently noted in the primary somatosensory cortex in this study. The location of these foci on the postcentral gyrus revealed four regions, which are homologous to the known SI subregions in monkeys (Merzenich et al., 1978) . Other investigators have also noted multiple foci of activity in SI cortex utilizing fMRI (Lin et al., 1996) , PET (Burton et al., 1997) , and SEPs (Allison et al., 1989a (Allison et al., , 1991 . Both Lin et al. (1996) and Burton et al. (1997) noted two foci of activity in SI, whereas we demonstrate four separate areas of activity in SI. In the fMRI study by Lin et al. (1996) two foci of activity noted that the more rostral focus was in the depths of the central sulcus (3a). The second more caudal focus ''appeared laterally at the lips of this sulcus and extended posteriorly into the postcentral sulcus,'' implying activity in areas 3b, 1, and 2. So the same regions of SI were noted to be active in both studies, but in our study the activity was more discrete. This difference is most likely due to the fact that multiple digits were stimulated in Lin et al. (1996) while only one digit tip was stimulated in this study. The results of Burton et al. (1997) showed results very similar to those of Lin et al. (1996) ; however, Burton et al. (1997) conducted a PET study with a resolution of approximately 11 mm FWHM, which makes it very difficult to detect individual foci of activity across the postcentral gyrus. Burton et al. (1997) proposed that these two foci of activity were consistent with the known somatotopic representation in macaques. Our results suggest that the somatotopic representation within the SI subregions may be different than that in nonhuman primates, similar to the differences seen between Old World and New World monkeys (Sur et al., 1982) .
Most of the activity within SI was noted to be located in areas 1 and 2 in this study. This observation is surprising and must be due to the unique spatiotemporal characteristics of the stimulus used. Since the vibrotactile stimulus has most of the energy in the 50-Hz range, it should preferentially activate rapidly adapting type fibers in the skin. However, this stimulator has energy components at many higher frequencies so it should also activate Pacinian-type receptors. Given that the stimulus has no discernible tactile direction or pattern components, and area 3b contains the simplest type somatosensory neurons (Sur, 1980; Iwamura et al., 1983; Mountcastle, 1984; Merzenich et al., 1978) with no direction or orientation sensitivity (Costanzo and Gardner, 1980; Whitsel et al., 1978 Whitsel et al., , 1980 Iwamura and Tanaka, 1978; Hyvarinen and Poranen, 1978) , it was expected that areas 3b and 1 would be preferentially activated. There are, however, adaptation differences between neurons in area 3b and 1, as well as differences in the incidence of slowly adapting, rapidly adapting, and Pacinian-type neurons (Phillips et al., 1988; Paul et al., 1972; Sur, 1980; Mountcastle, 1984; Prud'homme et al., 1994) . Moreover, it was recently shown that cortical (Nicolelis et al., 1995; Lee and Whitsel, 1992) and subcortical (Nicolelis et al., 1993) somatosensory responses have complex spatiotemporal dynamics which are highly dependent on the stimulus parameters. Therefore, the specific properties of the stimulus used that resulted in the given activation pattern remain unknown, and the more general issue of somatosensory cortical activity pattern dependence on stimulus parameters remains to be studied.
Digit 5 was noted to have the largest activity as measured by all three activation parameters. Since digit 5 was always the last digit to be studied, we examined the scanner properties as a function of time to rule out scan ordering artifacts. The activation noise analysis and the brain versus background signal-tonoise ratios were mostly constant and independent of scan order. Therefore, scanner peculiarities cannot account for the cortical activation dependence on the stimulated digit. Digit 5 having the largest activity was an unexpected finding given the fact that area of cortical representation in the somatosensory cortex in general correlates with the number of receptors on the body surface represented, and D5 should have fewer receptors than D1 or D2 (Johannsson and Vallbo, 1979) . In Penfield's (1950) homunculus of SI, the largest area of cortical representation was given to digit 1 and the smallest digit cortical representation was associated with digit 5. Merzenich et al. (1987) have shown that in the squirrel monkey the relative areas occupied by digit 1 versus digit 5 is different between 3b and 1. In area 3b D5 had the smallest cortical area of representation, while in area 1 (in 4 of 5 squirrel monkeys) D5 representation was greater than that for D1. Thus our results suggest that the area 1 digit representation map seems to correspond to that seen in area 1 of the squirrel monkey. A possible explanation for differences in the size of activations for different digits could be experience or preferential use of D1 and D2 over D5. However, the effects of experience in area 1, over the time scale of a lifetime, remain unknown.
A simple approach to unraveling the temporal dynamics of the cortical response is a comparison of the early versus late phase activations (within the same scan). This comparison was carried out in one subject and revealed that the cortical activity has a strong time dependence, implying either temporal recruitment of surrounding neurons or reflecting the hemodynamic properties of the response. At this time resolution there was no evidence for shifts in cortical areas activated.
Analysis of distances between the significant ROIs in SI in this study reveals that the distances between representations of D1 and D5 were always the largest, while the distances between D2 and D5 were always the smallest. Approximation of the ROIs to Talaraich space also revealed that the highest incidence of D5 representation was located in the most posterior portion of the SI cortex, which would place it medial to both D1 and D2. An MEG study by Suk et al. (1991) also utilizing vibratory stimulation of individual digits (D1, D2, and D5) in humans published very similar findings. Statistical analysis showed that the most significant (P Ͻ 0.05) difference in dipole source location was between D1 and D5, with the former being superior to the sources of the other two digits in all cases. These findings are consistent with the crude homunculus of the human cortex published by Penfield (1950) and with the results reported in other MEG and SEP studies (Okada et al., 1984; Huttunen et al., 1987; Baumgartner et al., 1991; Buchner et al., 1995) . When the data for individual subjects were combined, no simple medial to lateral representation was noted. The complexity of the combined data was most likely due to individual anatomical and functional variability, as well as the presence of multiple active foci, all of which obscured a simple medial to lateral somatotopic representation in SI. Buchner et al. (1995) measured SEPs in response to stimulation of individual digits (D1, D3, and D5) in eight normal human subjects. They found that in six of eight subjects the dipole source for the digits was as follows from medial to lateral: D5 Ͼ D3 Ͼ D1, while in two subjects the mediolateral representation was different. These results suggest that human fingertip representation in SI may be more variable than that seen in other primates.
Activity in the SII Region
Several PET (Seitz and Roland, 1992; Coghill et al., 1994; Burton et al., 1993 Burton et al., , 1997 and MEG (Forss et al., 1994) studies have demonstrated activity in the upper bank of the Sylvian fissure in response to vibrotactile stimulation. Neurophysiologic studies have demonstrated that the upper bank of the Sylvian fissure in parietal cortex is a complex topographically organized region including several representations, the most wellknown of which are the two mirror-reversed body maps of SII and PV (Krubitzer and Kaas, 1990; Krubitzer and Calford, 1992; Krubitzer et al., 1995) . Our inability to consistently demonstrate multiple foci of activity in this region is most likely due to the location and size of the SII region (upper bank of the Sylvian fissure is far from the surface coil), in combination with the mirrorreversed body maps. The location of activity in the SII region relative to the AC in this study spanned the regions described by the previous PET studies. In our study the SII region activity in response to digit stimulation was quite extensive, extending from Ϫ8 to Ϫ28 mm relative (posterior) to AC compared to the PET studies with anterior-posterior coordinates for the parietal operculum activation: Ϫ4 in Burton et al. (1993) , Ϫ21 and Ϫ26 in Coghill et al. (1994) , and Ϫ23 and Ϫ32 in Burton et al. (1997) . The fMRI activity reported in this study involved all of the areas reported to be active in the three PET studies. The large extent of activity in the SII region noted in this study and the prior PET studies is most likely due to the multiple representations that exist on the upper bank of the Sylvian fissure.
Activity in the Insula
Neuroanatomic studies reveal numerous somatosensory projections to the posterior one-third of the insula (Burton and Jones, 1976; Mesulam and Mufson, 1982; Mesulam, 1982, 1984; Friedman et al.,1986; Krubitzer and Kaas, 1990; Krubitzer and Calford, 1992; Apkarian and Shi, 1997) . Electrophysiologic studies have also described responses to somatic stimulation in and around the insular cortex (Robinson and Burton, 1980; Krubitzer et al., 1995) . Both Robinson and Burton (1980) and Krubitzer et al. (1995) demonstrated neuronal responses to tactile stimulation in the posterior one-third of the insula; in addition, Krubitzer et al. (1995) also noted physiologic responses to somatic stimulation in the insular fundus and lower bank of the lateral sulcus. The neurons in the peri-insular region in general had larger receptive fields than those in SII and PV and a distinct representation of body parts (Krubitzer et al., 1995) . PET studies using a stimulus similar to the one utilized in this study reported activity in the insula (Coghill et al.,1994; Burton et al., 1993) . Burton et al. (1993) demonstrated increased rCBF localized primarily to the middle and posterior portions of the insula. In our study only the posterior one-half of the insula was imaged and digit representation extended from Ϫ4 to Ϫ20 mm (posterior) from AC. In comparison Burton et al. indicate insular activity at Ϫ16 and Coghill et al. indicate activity at Ϫ13 mm relative to AC. In the present study only two individuals had representation of all three digits in the insular cortex, the distance between digit representations in the insula was less than in any other cortical region, and a somatotopic organization for the digits was not detected in the insula.
Activity in Posterior Parietal Cortex
The posterior parietal region has been labeled the sensory association cortex due to bilateral afferent input from somatosensory and visual cortices. Area 5 neurons were first shown to exhibit complex multijoint and multilimb receptive fields by Duffy and Burchfiel (1971) , suggesting that an integration of the somatosensory information from SI and the SII region did exist. Cortical activity in the posterior parietal region has also been noted previously in PET studies (Roland, 1981; Seitz et al., 1991; Roland et al., 1989; Pardo et al., 1991) . In these studies areas 5, 7, and 40 have been associated with simple and complex somatosensory stimulation, limb movement, and limb exploration. Due to the large number of SI and SII afferents to the posterior parietal cortex it is not surprising that a significant amount of fMRI activity was noted in this study. Areas 5, 7, and 40 all exhibited activations across subjects but in general the posterior parietal activity as demonstrated by the three analytic techniques (t value, size, and activation index) was always less than that seen in SI and the SII region, was noted in fewer subjects, and had no somatotopic organization. The lower levels of activity in this region may be primarily due to the simple, uninteresting vibrotactile stimulus. Some of the activity in areas 5/7 may be also due to the motor requirements of the task.
Parameter Analysis
Three different parameters were used as a means for hypothesis testing. Each has its own merits. The t value was used instead of the percentage change in signal intensity because the former is a normalized unitless measure related to the magnitude of the activation expressed as a signal-to-noise ratio. Therefore the t value reflects the magnitude of change as well as a measure of confidence regarding this change, and, as shown in Fig. 6 , large percentage changes do not necessarily correspond to large t values. It should be noted that the t value and correlation coefficient are directly related and, thus, interchangeable parameters. Another advantage of the t value is that the variability across brain regions and subjects is compensated for by the normalization with the standard deviation. This is especially important when the scans are performed using surface coils, which introduces a systematic gradient of variation in the signal-to-noise ratio as a function of ROI distance from the coil. The second parameter that was used here was size of the active ROI, which is a measure of the area of cortex activated. The third measure used was the activation index, which multiplicatively combines the magnitude (t value) and area (size in voxels) of activation, resulting in an integrated activity parameter. The advantage of the third parameter, not illustrated in this study (see Apkarian et al., 1998, in preparation) , is that it can be used as a measure with which different conditions may be compared for the whole brain, or for a specific portion of the brain, within and across subjects. When these three parameters were used to compare brain activity between stimulated digits and cortical regions, each indicated different statistical dependencies.
The results indicate significant differences in t values across cortical regions and in activation index across digits. The former suggests that when comparisons of activations between cortical regions are performed, the t value may be the analytic parameter of choice, and the latter suggests that comparison within a cortical region may be best performed using the activation index. Both of these ideas remain to be validated in other tasks.
CONCLUSIONS
This functional MRI study of the human somatosensory cortex shows that the organization of the region resembles that described in squirrel, owl, and macaque monkeys. Multiple digit representations were observed in the primary somatosensory cortex, corresponding to the four anatomic subdivisions of this cortex. Due to across-subject variability and the spatial resolution of fMRI, the mediolateral somatotopy of digit representation could be detected only probabilistically within the primary somatosensory cortex. Statistical comparison of multiple activity parameters indicated that vibrotactile activations of the cortex are dependent on the stimulated digit and cortical region. Data were presented suggesting that the cortical activations are not static and systematically change over the duration of the stimulus.
